4 JANUARY 2013 VOL 339 SCIENCE www.sciencemag.org PERSPECTIVES moselectivity. Simulation of the function of these enzymes has led to the discovery of many biomimetic oxidation catalysts ( 8, 9) .
Among metalloenzymes, copper amine oxidases (CuAOs) couple the oxidation of primary amines to aldehydes with the reduction of dioxygen to hydrogen peroxide through the synergistic action of the topaquinone (TPQ) organic cofactor and copper (see the fi gure, left) ( 10) . Quinone models that mimic the active site of copper amine oxidases have yielded important insights into the mechanism by which these enzymes operate ( 11) .
These insights have been put to use in the development of biomimetic catalytic systems for the aerobic oxidation of primary amines (see the fi gure, right). Building on biochemical model studies, Wendlandt and Stahl have shown that the TPQ analog 4-tert-butyl-2-hydroxybenzoquinone 1 is an effi cient biomimetic organocatalyst for the chemoselective oxidation of primary amines to imines ( 12) . They obtained imines in high yields (80 to 95%) from diverse benzylic amines at room temperature under 1 atm of molecular oxygen. This quinone model failed to oxidize aliphatic primary amines, but the exclusive selectivity for primary benzylic amines allowed selective formation of heterocoupled imines.
Copper amine oxidases have also inspired a biomimetic homogeneous catalytic system for the aerobic oxidation of primary amines to imines, based on the synergistic combination of copper and an o-iminoquinone organocatalyst 2 fi rst discovered from electrochemical investigations ( 13) . Low catalyst loadings (2 mol% of 2 and 0.2 mol% of Cu) are suffi cient to activate the α-C−H bond of benzylic and aliphatic amines, which were converted to alkylated imines under ambient conditions ( 14) .
Yuan et al. have reported a heterogeneous catalytic system for the aerobic oxidation of amines that also shares some characteristics with copper amine oxidases ( 15) . Their cooperative catalytic system consists of a heterogeneous Pt/Ir bimetallic nanocluster catalyst immobilized on a styrene-based copolymer support and 4-tert-butyl-o-quinone 3 as the redox-active organic cofactor. The two catalysts act together to reduce the energy of the transition state to a degree that neither catalyst can accomplish alone. With this system, the authors were able to dehydrogenate primary benzylic amines to imines in high isolated yields at room temperature under 1 atm of molecular oxygen. The catalytic system can also convert secondary amines to imines, and the heterogeneous catalyst could be recovered easily and reused up to fi ve times without loss of activity (81 to 87% for fi rst to fi fth uses).
Many challenges remain, including the development of biomimetic catalytic systems that operate effectively at room temperature with ambient air rather than pure molecular oxygen. The development of recyclable heterogeneous nanocluster catalysts that contain biocompatible rather than rare and precious metals would also be welcome. From a more general viewpoint, mimicking the function of amine oxidase enzymes would provide environmentally friendly organic synthesis because air is the cheaper and less polluting stoichiometric oxidant. Although challenging, this strategy would allow the chemistry of C -H bond activation to be extended to the functionalization of the α-position of primary amines under mild conditions.
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Greenhouse warming by molecular hydrogen may have contributed to warming the surface of the early Earth. W hy do some gases cause greenhouse warming, whereas others do not? H 2 O is a greenhouse gas because it has a permanent electric dipole moment (a charge separation within the molecule) that allows it to interact strongly with electromagnetic radiation. CO 2 also has an electric dipole moment, but it has to bend or stretch asymmetrically to create it, because, unlike H 2 O, it is a linear molecule. N 2 and O 2 are not normally considered to be greenhouse gases, because these symmetric, diatomic molecules have no electric dipole moment and cannot bend or stretch to create one. But as Wordsworth and Pierrehumbert show on page 64 of this issue ( 1) , N 2 and molecular hydrogen (H 2 ) can be greenhouse gases under the right conditions; H 2 may have been important for Earth's Archean climate (before 2.5 billion years ago).
Researchers who study the outer planets have long known that N 2 and H 2 can contribute to the greenhouse effect. They do so through collision-induced absorption, whereby collisions between molecules allow them to absorb radiation that excites them to higher rotational states. The physics is complex ( 2), but the implications for the greenhouse effect are straightforward if one considers that it is the rotational states of H 2 that are being excited.
Going through the math ( 3) shows why H 2 can be an effective greenhouse gas on Earth and why N 2 or O 2 cannot. For all three gases, the absorption is spread over a range of wavelengths corresponding to the populated j states. But an N atom is 14 times as heavy as an H atom, and the distance between the atoms is also greater in N 2 than in H 2 ; hence, the moment of inertia of N 2 is much larger, and its rotational energy levels are more closely spaced. As a result, the rotational constant B -is ~2 cm -1 for N 2 and ~60 cm -1 for H 2 ( 2) . This means that N 2 absorbs only at wavenumbers (1/λ) <500 cm -1 , where the energy radiated from Earth's surface is relatively small and where H 2 O already absorbs strongly [see Fig. 1A in ( 1) 
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sions between molecules could, in principle, excite N 2 or O 2 to high enough rotational states to absorb in this region. However, to absorb at ~1000 cm -1 , N 2 would need to be in the j = 250 rotational state, where it would be spinning so fast that it would fall apart. In contrast, H 2 , with its higher rotational constant, only needs to be in the j = 7 state to absorb at 1000 cm -1 . On Saturn's moon Titan, where H 2 absorption has been well studied ( 4) , the surface temperature is about -180°C, so only the lowest rotational energy levels of H 2 are fi lled and absorption is confi ned to long wavelengths. But at room temperature, these rotational levels are populated, and H 2 does absorb at 1000 cm -1 . Wordsworth and Pierrehumbert now show that the presence of 10% H 2 in Earth's Archean atmosphere could conceivably have increased surface temperatures by as much as 10° to 15°C. The warming is strongest if N 2 was also more abundant in the early atmosphere, as other researchers have postulated. But was H 2 really as important for Earth's early climate as they suggest?
Well, yes and no. The Sun was ~25% less bright at that time, and Earth's surface was not frozen, so some warming mechanism was clearly needed. The warming could have been provided entirely by higher CO 2 concentrations, which are predicted to result from feedbacks in the carbonate-silicate cycle ( 5) . But some researchers have argued that atmospheric CO 2 concentrations in the Archean were low, on the basis of suggestions of high rates of seafl oor weathering ( 6) or on constraints from geochemical indicators such as paleosols ( 7, 8) or banded iron formations (BIFs) ( 9) . The BIF constraints assume unlimited availability of reductants in the Archean ocean, which was probably not the case ( 10) . The paleosol constraints are more meaningful, but the error bars in these analyses may be larger than the authors of ( 7, 8) acknowledge. Furthermore, additional warming mechanisms, including CH 4 ( 11) , pressure broadening of CO 2 and H 2 O by high N 2 concentrations ( 12) , and albedo feedbacks ( 9) appear capable of making up for any shortfall in warming by CO 2 (see the fi gure).
Most important, high H 2 levels are unlikely to have existed for long once life evolved, because methanogens are predicted to have consumed it effi ciently ( 13) . Words worth and Pierrehumbert suggest that H 2 consumption by methanogens may have been limited by nutrient availability, but this seems unlikely because primary productivity in these purely anaerobic biospheres is predicted to have been two to three orders of magnitude lower than today ( 13) . Nevertheless, the realization that H 2 can warm terrestrial planet climates could be important for the prebiotic Earth, early Mars, and young Earth-like exoplanets. Large amounts of H 2 in a planet's atmosphere could allow it to remain habitable out to as far as 10 AU around a star like the Sun (1 AU = 1 astronomical unit = mean EarthSun distance) ( 14) . These numbers apply to a hypothetical planet with three times Earth's mass and a 40-bar H 2 atmosphere-a type of object that may or may not exist. But rocky planets with atmospheres composed of N 2 , CO 2 , and H 2 might still remain warm at distances well beyond the traditional, ~1.7-AU boundary of the habitable zone. The evolution of organisms like methanogens could conceivably destabilize the climates of such planets. But we will, nevertheless, need to keep this H 2 greenhouse warming mechanism in mind as we decipher our own solar system's history and search for other habitable planets like our own. Warming up the planet in the Archean. Around 2.8 billion years ago, the solar luminosity was ~0.8 times that of today ( 11) , yet Earth's surface was not frozen. If the atmosphere contained not only CO 2 but also 1000 parts per million by volume (ppmv) methane-a plausible amount for the Archean ( 13)-then this methane would have produced a 12°C warming (vertical arrow). A further 4° to 5°C of warming could have been caused by pressure broadening of CO 2 and H 2 O lines by N 2 concentrations that were two to three times as high as today's ( 12) . Albedo changes may have led to a further warming ( 9) , bringing mean surface temperatures up to today's value of ~15°C. Alternatively, as suggested by Wordsworth and Pierrehumbert, 10% H 2 , in combination with higher N 2 concentrations, could have kept the mean surface temperature above freezing, even if CO 2 levels were similar to today (300 ppmv). Shaded area: estimated range of atmospheric CO 2 concentrations from a 2.7-billion-year-old paleosol ( 8) . fCH 4 
